SUMMARY
INTRODUCTION
Polyamines (putrescine, spermidine and spermine) are ubiquitous organic polycations that interact with anionic biomolecules (e.g. DNA, RNA, proteins and phospholipids) and are required in several cellular processes (1, 2) . Perhaps due to their pleiotropic action and their intrinsic toxicity (3,4), the biosynthesis, degradation and transport of these compounds are tightly regulated. Whereas the molecular biology of polyamine metabolism is known extensively (2) , the identity of the mammalian polyamine transporter(s) is as yet unknown. The importance of polyamine uptake in mammalian tissues is illustrated by the dramatic actions exerted by exogenous polyamines on polyamine homeostasis. For instance, antizymes are critical regulators of polyamine pools due to their ability to inhibit both polyamine transport and ornithine decarboxylase, the rate-limiting enzyme for polyamine biosynthesis, and to target the latter for degradation (5) . Quite unusually, antizyme depends on a +1 translational frameshift that narrowly responds to changes in polyamine levels. It thus constitutes an elegant chemostat for polyamine homeostasis, especially in the face of large fluctuations of extracellular polyamines (5) . Furthermore, spermidine/spermine N 1 -acetyltransferase is induced by exogenous polyamines under situations where the total polyamine pool needs to be rapidly decreased (6) .
Concentrations of internalized polyamines required for inducing antizyme or
spermidine/spermine N 1 -acetyltransferase are disproportionately small as compared with the size 5 phospholipids and ATP, based on in vitro determinations of the dissociation constants of polyamines in such complexes (9) . However, there is currently no reliable methodology to directly assess the pool size of free vs. bound (or sequestered) polyamines in intact cells.
Attempts to determine the intracellular distribution of polyamines have relied on invasive techniques such as immunohistochemistry (10) (11) (12) or subcellular fractionation (13) . While some have reported the presence of polyamines in both cytoplasm and nucleus (12, 13) , others have found an almost exclusively cytoplasmic distribution (10, 11) . One problem inherent to such techniques is the redistribution of polyamines that can rapidly follow fixation or membrane disruption, due to their high positive charge (1) .
Lack of molecular information about the mammalian polyamine carriers has hampered our understanding of the intracellular fate of internalized polyamines. The introduction of novel fluorescent probes such as N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-
propionyl), N ' -(S-[spermidine-{N 4 -ethyl}]-thioacetyl)ethylenediamine (Spd-C 2 -BODIPY) 1 (14) or N 4 ([N-methyl]anthranylamidopropyl)]spermidine (15) that behave like natural substrates toward the polyamine transporter(s) has helped to explore the virtually unknown details of intracellular polyamine trafficking. Interestingly, both probes accumulate mostly into intracellular vesicles (polyamine-sequestering vesicles, PSVs) and are excluded from both the cytosol and the nucleus, at least in interphase cells (14, 15) . Spd-C 2 -BODIPY distribution partly overlaps with that of recycling endosomes (14) , suggesting that one route of entry for polyamines is receptor-mediated endocytosis, as postulated for Fe 3+ uptake (16) (Fig. 1, model B ). Belting and coll. have proposed an analogous view whereby polyamines first bind glypican-1 at the exofacial side of the plasma membrane, and the complex is then internalized via caveolation and delivery of the polyamine to the cytosol via an unknown mechanism (17). However, the possibility that sequestration of polyamines into PSVs is a secondary event that follows their Colocalization of Spd-C 2 -BODIPY with Acidic Vesicles-Cells were plated on coverslips coated with UV-sterilized collagen 3 to 4 d prior to the experiment and were grown to ~ 80%
confluence. Cells were then exposed for 1 h at 37°C to 1 µM Spd-C 2 -BODIPY in serum-free, supplemented -MEM. LTR (50 nM) was subsequently added to the cells for a further 15-min period. The latter conditions are optimal for labeling and for minimizing interference with intravesicular pH (18) . Cells were then washed three times with ice-cold PBS containing 1 mM spermidine and twice with ice-cold PBS. Coverslips were then mounted on microslides and cells were observed by confocal laser scanning microscopy.
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Staining the Golgi Complex in Living CHO-TOR Cells with BODIPY-Labelled
Sphingolipids-To stain the Golgi in intact cells, BODIPY TR ceramide was added as a complex with BSA that was prepared as described (19) . Cells grown on glass coverslips were rinsed three times with PBS. The cells were then incubated for 30 min at 4°C with 5 µM of the BODIPY TR ceramide/BSA solution. The samples were rinsed several times with ice-cold -MEM and incubated in fresh medium containing 1 µM Spd-C 2 -BODIPY for a further 30-min period at 37°C, before being prepared for confocal laser scanning microscopy as above.
Effects of Bafilomycin A 1 and Monensin on Spd-C 2 -BODIPY Distribution in CHO-TOR
Cells-Cells grown on coverslips as above were pre-incubated with either 0.1 µM bafilomycin A 1 7 µM monensin or vehicle (Me 2 SO) for 1 h at 37°C. Cells were then exposed to 1 µM Spd- The effect of bafilomycin A 1 or monensin on fluid-phase endocytosis and on lysosomal integrity was monitored essentially as described (16) . Briefly, cells were labeled for 1 h with 1 mg/ml of lysine-fixable, fluorescein-labeled dextran, rinsed with serum-free, supplemented -MEM, and then incubated for 1 h with label-free medium, followed by a 2-h incubation ± 0.1 µM bafilomycin A 1 , and were then immediately processed for confocal laser scanning microscopy. Pearson's sample correlation factor (R r ) and the percentage of colocalization p were thereby determined using three sets of representative red-green pictures from confocal laser scanning microscopy observations (20) . R r takes into account the similarity of shapes between images, whereas the p value for a color channel reports the intensity pattern. For instance, the p value represented by red labeling was calculated as p = 100 green intensity green int ensity + red int ensity (Eq. 1)
Confocal Laser Scanning Microscopy-
The mean and standard deviation of R r and of p were subsequently determined.
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RESULTS
Spd-C 2 -BODIPY Uptake Does not Require Receptor-Mediated Endocytosis in CHO Cells-
Previous observations had indicated that within 1 h, CHO cells accumulate Spd-C 2 -BODIPY mostly into discrete intracellular vesicles or PSVs (14) . Since a subpopulation of the PSVs could be labeled with Texas Red-transferrin, a marker of recycling endosomes, this suggested that receptor-mediated endocytosis was, at least in part, an integral part of the polyamine uptake mechanism. To address that hypothesis, we used End1 CHO mutants that are strongly defective in receptor-mediated endocytosis and exhibit pleiotropic defects at the non-permissive temperature (40°C) (21) . The latter include defective ATP-dependent acidification that mainly affects early endosomes and the TGN, with late endosomes and lysosomes being largely spared
The uptake of BODIPY FL transferrin was higher in wild-type cells at 40 C than 34 C ( 
Spd-C 2 -BODIPY Is Partially Sequestered in the Trans Region of the Golgi-The TGN
typically maintains a slightly acidic internal pH (~5.9) (24) . Moreover, a number of organelle transporters, such as the P-type copper-transporting ATPases (25) and the zinc carrier ZnT7 (26) are expressed in the Golgi, including the TGN. Furthermore, amphipathic weak amines such as anthracyclines preferentially accumulate in the TGN and Golgi-derived vesicles (27) .
Given the complex trafficking between the Golgi, the plasma membrane and various endocytic vesicles (28), we assessed whether the Golgi might participate in the accumulation of Spd-C 2 -BODIPY. Cells were pre-loaded at 4°C with BODIPY TR ceramide, and then incubated with the polyamine probe upon transfer to 37°C. This temperature switch causes the selective accumulation of BODIPY-labeled ceramides into the Golgi (19) . BODIPY TR ceramide stained juxtanuclear vesicles of various sizes as well as sac-like structures surrounding one pole of the nucleus (Fig. 4 , middle column), as previously reported (29) . Interestingly, although colocalization between BODIPY TR ceramide and Spd-C 2 -BODIPY staining was only partial, it was mainly found in the extended saccular elements of the Golgi (Fig. 4 , right column, arrows).
The latter results indicate a connection between the Golgi and the pathway of PSV biogenesis.
However, the limited degree of overlap between Spd-C 2 -BODIPY and BODIPY TR ceramide 14 staining indicates that the Golgi is a minor site for polyamine accumulation and might correspond to a point of convergence with the late endocytic pathway (cf. "Discussion").
Intravesicular Accumulation of Spd-C 2 -BODIPY Can Be Induced at an Early Step of the Late
Endosome/Lysosome Degradative Pathway-It was unclear whether PSVs correspond to lysosomes only since LTR is not specific for the latter organelles but also labels other acidic compartments such as late endosomes (18) . Since attempts at fixing Spd-C 2 -BODIPY in situ for the immunocytochemical localization of specific organelle markers were unsuccessful, we used an indirect approach to determine which organelle subpopulation(s) of the late endocytic pathway is actually represented by PSVs.
LEX1 and LEX2 CHO mutants are defective in two different steps along the late endocytic pathway, namely in the fusion process between late endosomes and lysosomes, and in the maturation of multivesicular bodies (MVBs), respectively (30, 31) . The LEX2 mutation thus lies at an earlier step in the late endocytic pathway than the LEX1 lesion. To better assess the site(s)
of Spd-C 2 -BODIPY accumulation among the various acidic organelles, we thus compared the pattern of PSVs and LTR staining observed in these two mutant cell lines and in wild-type CHO cells. In LEX1 cells, vesicles labeled by LTR had a larger average size and were less numerous than in control cells, and were characteristically distributed in a fusiform, perinuclear fashion, with frequent major aggregation near one pole of the nucleus (Fig. 5, center panel) . These features confirm previous reports, and may correspond to the aggregation of fusion intermediates between late endosomes and lysosomes accumulating in these mutants, with a characteristic arrangement around the microtubule organizing centers (30) . Remarkably, the LEX1 mutation did not prevent Spd-C 2 -BODIPY accumulation, and there was in fact an almost perfect colocalization of PSVs with LTR-positive organelles in LEX1 cells. Acidic organelles detected in LEX2 cells were typically spherical and even larger than those found in LEX1 cells, and exhibited a perinuclear distribution but without the fusiform alignment typically observed in LEX1 mutants (Fig. 5, right panel) . The larger, round acidic compartments found to accumulate in LEX2 cells are likely maturing MVBs, which are much scarcer in wild-type cells, and are a diagnostic feature of these mutants (31) . Again, PSVs colocalized to a greater extent with acidic vesicular compartments in LEX2 cells than in control cells.
The marked enrichment in PSVs caused by either the LEX1 or LEX 2 mutation clearly suggests that accumulation of the polyamine probe can occur at an early step in the late endocytic pathway. Moreover, vesicular sequestering of Spd-C 2 -BODIPY represents a major activity of MVBs, late endosomes and lysosomes.
Both Accumulation and Sequestration of Spd-C 2 -BODIPY into PSVs Require an Outward
Proton Gradient-We next assessed the model whereby polyamines are first transported via a 'classical' plasma membrane carrier, and then rapidly sequestered into acidic PSVs (Fig. 1, model A). We tested the assumption that dissipating the H + gradient across the PSV membrane using either bafilomycin A 1 , a specific and potent inhibitor of the V-ATPase or monensin, a polyether ionophore catalyzing K + (or Na either amine for at least 90 min. As expected from a classical lysosomotropic amine, dissipating the H + gradient rapidly abolished any detectable labeling with LTR within 30 min (Fig. 7, right) .
In sharp contrast, pre-labeling of PSVs with Spd-C 2 -BODIPY was much more resistant to vesicular alkalinization, although it progressively decreased over the 90-min chase period from a vesicular to a mostly diffuse, less intense cytosolic staining.
Thus, retention of Spd-C 2 -BODIPY into PSVs clearly depends on an intact pH, but its rate of exit from both PSVs and from the cytoplasm is much slower than that observed for a lysosomotropic agent such as LTR, clearly indicating that Spd-C 2 -BODIPY accumulation into
PSVs does not merely result from an acidotropic effect. The slow but steady release of Spd-C 2 -BODIPY from PSVs upon V-ATPase inhibition further suggests that intravesicular storage of the probe is an energy-and H + -dependent process that counteracts a pathway for polyamine export from the PSVs.
Lack of Polyamine Uptake Activity in CHO-MG Mutants Is Not Due to Defective Vesicular
Acidification-Since polyamine transport and sequestration into PSVs are strongly dependent on V-ATPase activity, the lack of polyamine transport activity found in CHO-MG cell mutants (38) might be explained by a major defect in the acidification of that compartment. We thus compared the ability of LTR to label vesicles in polyamine transport mutants and parental cells.
As shown in Fig. 8 
DISCUSSION
This report provides clear evidence that the primary step in the uptake of a polyamine probe does not involve binding to a plasma membrane receptor followed by endocytosis of the resulting complex, one of the two models previously proposed (14, 17) . (as compared with a luminal pH of 6.2-6.6 in the cis to medial regions of the Golgi) (43) . greatly lowers its steady-state cytosolic concentration, a plausible assumption is that the plasma membrane step of polyamine transport may well be a downhill process. This challenges the widely accepted view that polyamine uptake proceeds against an outward concentration gradient, but is in accordance with the hypothesis that the bulk of intracellular polyamines is thermodynamically inactive (9) . In fact, most available evidence indicates that polyamine uptake is a Na + -independent mechanism energized by an electronegative plasma membrane potential (48, 49) . Thus, polyamine uptake might be an electrogenic diffusion process facilitated by a channel or by a uniporter such as those belonging to the SLC22A family of organic cation transporters which includes polyspecific carriers that accept polyamines as substrates (50) . The present model does by no mean exclude that heparan sulfates could facilitate the recruitment and by guest on January 22, 2018
http://www.jbc.org/ Downloaded from 22 aggregation of polyamines at the proximity of their cognate plasma membrane carriers (Fig. 9) (17).
The present data strongly suggest that vesicular uptake of polyamines occurs secondarily to their initial uptake across the plasma membrane, and that it requires a H + gradient as a free energy source (Fig. 9) . The extreme steepness of the vesicle-to-cytosol Spd-C 2 -BODIPY concentration gradient is suggested by the only very faint fluorescence detectable at any time in the cytosol under normal conditions (14), and likely reflects the high efficiency of the putative H + :polyamine antiporter that is likely involved in the massive polyamine accumulation into PSVs. In fact, experiments with bafilomycin A 1 and monensin lead to the important conclusion that the putative vesicular carrier catalyzes the major fraction of the total polyamine influx measured in intact cells. This is fully consistent with the notion that polyamine transport is under tight negative feedback regulation by antizymes that are induced at the translational level by increases in unsequestered polyamine levels (5). Thus, one potential function of PSVs might be to drive the uptake reaction by removing cytosolic polyamines, thereby preventing antizyme induction until some critical threshold of intracellular accumulation is reached.
The strong colocalization of PSVs with the most acidic compartments of the cell might reflect the requirement for a steep H + gradient for polyamine accumulation, inasmuch as up to 4 positive charges (e.g. spermine) would be involved in polyamine capture by PSVs. Based on the stringent dependence of polyamine uptake by PSVs on the pH, it is tempting to speculate that the vesicular polyamine transporter(s) might be structurally related to VMATs (46) . Mammalian H + -dependent, non-acidotropic uptake activities of unknown biochemical identity have been described for the sequestering of various organic cations in lysosomes and other acidic vesicles (37, 51) . Interestingly, the presence of a H + potential-dependent polyamine uptake activity similar to that mediated by VMATs has been reported in isolated synaptic vesicles (52) . This activity might be related or identical to that observed in non-neuronal cells as in this study.
The presence of PSVs among several types of vesicles belonging to the late endocytic pathway might reflect true heterogeneity among the hypothetical vesicular polyamine antiporters. Such heterogeneity indeed exists for subcellular carriers, such as the ZnT zinc facilitators, which include several related isoforms that are expressed in restricted subsets of endomembranes (26) .
Alternatively, it could be due to functional coupling between the H + :polyamine antiporters residing in those vesicles and the progressive decrease in pH observed along the pathway leading from MVBs (or sorting endosomes) to lysosomes (24) . Such coupling has been reported to account for the tight association between the H + -dependent metal symporter DMT1 and transferrin receptors in the recycling compartment (53) .
The present data also support the existence an efflux system for exporting polyamines from PSVs back to the cytosol.. As the polyamine probe was shown to be virtually impermeant to the plasma membrane, diffusion of net Spd-C 2 -BODIPY out of PSVs is also very unlikely, and a transporter protein should be required for its extrusion. This vesicular polyamine exporter might be a uniporter or channel, although one cannot rule out that it is identical with the putative H + :polyamine antiporter catalyzing the transport reaction in the reverse direction.
In summary, the present data favor a model of polyamine uptake that proceeds in two tightly A further role for PSVs might be related to the known cytotoxicity of excessive polyamine levels (3,4). Spermine and spermidine are typically present at millimolar levels in mammalian cells if assumed to be uniformly distributed throughout the cell volume (9) . Polyamine concentrations of such magnitude in the cytosol would be expected to induce apoptosis (3,4,6).
The physical barrier afforded by endomembranes, together with the regulatory abilities that would be conferred by a vesicular storage system provide a novel paradigm to account for the apparent lack of thermodynamic activity of the bulk of intracellular polyamines (7, 9) . Clearly, vesicular accumulation as a mechanism for removing polyamines from the cytosol offers several mechanistic advantages over the alternative view that polyamines are passively sequestered through passive binding to nucleic acids and ATP (9) . A model of compartmentalization of polyamines into endomembranes could help to explain the paradoxical co-existence of high endogenous polyamine levels with low antizyme titers and high ornithine decarboxylase enzyme activity in rapidly proliferating cells (5) . 
